Abstract: Interstitial free (IF) steel disks were subjected to various degrees of revolution during application of the high-pressure torsion (HPT) process, and the resulting distributions of hardness and microstructure during the early torsion stage of high-pressure torsion (HPT) were investigated using experimental and simulation approaches. The results indicated that the deformation in the HPT-processed IF steel disk was inhomogeneous, producing low hardness in the center and high hardness in the edge region. The experimental results, including the hardness and microstructure distributions, indicated that the severe deformation zone proceeds gradually from the center to the edge of the HPT disks in the early torsion stage, and also confirmed verify that the deformation on the upper surface of the disks lags behind that on the bottom surface. Simulation results from a finite element method analysis strongly supported the experimental conclusions.
INTRODUCTION
Ultrafine-grained (UFG) materials with a typical grain xize of ≤ 100 nm, known as polycrystals with a grain size of typically ≤ 100 nm, have been the subject of intensive investigation in recent years due to their superior mechanical, optical, electrical, or magnetic properties [1] [2] [3] . It is well-known that heavy plastic deformation at low temperatures can result in significant refinement of the microstructure of metallic materials. Applying the concept of this grain refinement effect, severe plastic deformation (SPD) has been considered the most successful method for fabricating UFG materials, especially bulk solids with grain sizes on the sub-micrometer and nanometer level [4] [5] [6] [7] . with a higher fraction of high-angle grain boundaries than any other SPD method [5, [8] [9] [10] [11] [12] [13] [14] .
The concept of the HPT process was first proposed over 70 years ago by Bridgman, but the process has been intensively investigated, with respect to grain refinement, within the last 20 years [5, 10, 11] . In the HPT process, a preform sample is placed in the HPT gap between the top and bottom dies and compression force is applied to the sample. After the sample is compressed, one of the dies is turned at a given rotation speed and surface frictional forces deform the sample by the shear-force generated; as a result the shear deformation proceeds under a quasi-hydrostatic condition. The HPT process consists of two stages, based on the motion of the lower dies and the sample. The first is the compression stage, where high pressure is imposed by the die, and then a subsequent torsion stage, during which the compressive pressure is generally kept constant.
It is known that the friction conditions at the interface between the die and disk can affect metal flow and total deformation, and cause energy losses or premature die wear.
The effect of friction between the disk and dies is complex and results in the appearance of surface shear. For this reason, friction is considered to be a major variable in the HPT process when the sample undergoes large plastic deformation. Two hardness testing lines were selected near the surface at the same distance from the central line, and labeled L and L′, as shown in Fig. 1(a) . It can be seen in Fig. 1 that at the early 
EXPERIMENTAL AND SIMULATION PROCEDURES

Deformation simulation results and verifications
The variation in trend of the effective strain at in different positions of the HPT disks along with the degree of revolution is shown in Fig. 3(a) . The simulation results in 
